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° ' ABSTRACT 


_~ Due to the method employed here, the photographic emulsion preserves the sinusoidal shape 
and linearity of a sinusoidal line pattern. This enables one to determine experimentally the 
Fourier transform |e (N )| of the light distribution function produced by an emulsion. A 
sinusoidal line pattern with several previously chosen space frequencies is photographed on 
an emulsion, whereby the transform for the combination of optical system and emulsion is ob- 
tained. The influence of the optics is eliminated numerically by means of an experimental 
‘knowledge of its Fourier transform Leet (N) |. The function apes (NV) |, however, is dependent 
on the emulsion-developer combination, the spectral range used in the exposure of the emulsion, 
the storage of the film, the particular batch of the emulsion which is investigated, etc. It is 
therefore difficult in general to fit a one-parameter function to the light diffusion distributions. 


. 


, The assumptions of Frieser and Sayanagi fit best for certain combinations while functions of 
the type [1+ cx?]— are best for others. These inverses of the experimental Fourier transforms 
Teen (NV )| are obtained by means of an electronic calculating machine. 


Introduction 


This work reports an experimental investigation of light distribution function 
of several photographic emulsions. It is based on the multiplication of contrast 
transfer function [2]. The influence of the optical system was eliminated by means 
of numerical calculations. The original experimental arrangement, on which this work 
is based, has been reported by Ingelstam, Djurle and Sjogren [7]. In this conncetion, 
the basic works of Gaultier du Marache [5] and Frieser [4] should also be mentioned. 

The one-dimensional intensity distribution of a luminous object is characterized 
by the space function f,(x). This function can be expressed as a summation of 
terms with an increasing space frequency N(N=number of sinusoidal periods 


per mm): 
+ 00 


fo (a) =[C.(N)-e?***d.N (1) 


The light distribution function /,(x), which characterizes the distribution of the 
image intensity, can be written in a similar way: 


fi (x)= [O.(y) "aN (2) 
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The coiltmast atte sinusoidal intensity distribution is defined as the ratio between ‘ 
the amplitude and the mean intensity: 
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In principle, the light distribution function f(x) describes the intensity just as 
completely as the C7’ function or the Fourier transform F (NV). But, from a prac- 
tical point of view, the CT function is to be preferred. Thus, using COT; it is 
easier to calculate the image when the transmitting system consists of a cascade 


of n linearly working elements situated one after the other, e.g. an optical system 
together with a photographic emulsion. The F,(N) of the image is obtained by 


a multiplication point by point of the C7’ functions F,,(N) of the element: 
F,(W)=[ [Fn (N) (5) 


Hf, for example, an object intensity is reproduced by means of an optical system, 
then the image intensity can be characterized by its CT function in the following 
way: 


F,(N) = F, (N)- Fopt( NY) (6) 


The corresponding procedure is more complicated when the object intensity f, (a) 
and the light diffusion function ¢,); (x) of the optical system are known. The simple 
multiplication calculation is then replaced by a convolution 


~N 


file!) = [fo (#) + Pope (w — 2") dx (7) 


This formula can be used when the reproduction is made by several transfer 
elements situated in series. But the mathematical calculations become more com- 
plicated the greater the number of elements. 

This investigation of the C7’ function F,., (N) of the photographic emulsion was 
based on the formula given above. It is difficult experimentally to measure directly 
the light diffusion function (x). The transform F.,(N ) is determined instead. 
The light path should be the same as that when using the photographic emulsion. 
The emulsion was therefore illuminated in these experiments by means of a cone 
of light from a photographie objective. 

In this investigation, the combined 07 of the system, viz. | Frot (7) |, was meas- 
ured. In a complimentary investigation the alteration in object intensity, when 


only the optical system was used, was measured. The function obtained by point 
division of the two CT functions 
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= lice (NV) | 


[Fem ()|= Fe ay 8) 


4 is what is wanted. By means of an inversion of the Fourier transform Fem (VY), 
the light distribution function 4. (x) of the emulsion can be calculated in the 
- following way: 
-. +00 

om (t) = | Fem (N)e*?*"* dN (9) 


Such a calculation can be carried out by means of an electronic calculating 
machine. 
The object consisted of a slit. The distribution of its intensity is denoted by 
_ the functions f,(~) or F,(N). An optical system with a light distribution function 
Pope {%) reproduces, in the image plane, an image intensity i.e. an aerial image 
fair(v). It is found that the intensity distribution f,(z) has been changed. The 
function f,;, (x) is therefore a mathematical convolution of f,(x) and dp; (xv), and 
F,3(N) is a product-of F,(N) and F,,,(N). The function ¢,,; (x) gives the image 
intensity of an infinitely long and infinitely narrow line intensity, when only the 
optical system is used. 
If a photographic emulsion is placed in the plane of the aerial image, then the 
light distribution will be changed because of scattering and rescattering by the 
emulsion particles and the silver halide grains etc., and because of absorption in, 
reflection from and transmission through the emulsion layer. The geometrical di- 
. versions of the latent image are therefore larger than the optical aerial image. 
_ Upon developing, the photographic emulsion is affected chemically in such a way 
’ that a silver image appears more or less strongly depending on the effectiveness 
of the developer. This transparent image can be represented by means of the I -t 
values, calculated from the density by means of a density curve. It is this fictitious 
intensity image which is called /, (2) and defined as the effective image. The Fourier 
transform belonging to this image is F’,(N). Thus, by light distribution function 
gem (x), we mean the fictitious image intensity which is obtained in an emulsion 
when an infinitely long and infinitely narrow line intensity is exposed. The corre- 
sponding OT function is F.,(N). The convolution between ¢,,; (x) and dem (2) is 
called to, (%) and the corresponding transfer function 


Foe ON) Fae (NN) Pope (Y) (10) 


Among the test objects which can be used in an investigation of this type, the 
sinusoidal line pattern possesses the great advantage that its structure and shape 
are preserved by the photographic process. The sinusoidal pattern also possesses 
advantages from a purely mathematical point of view. Hence, for these reasons, 
a periodic, sinusoidal line pattern was used in this investigation. The lines were 
arranged in groups with an increasing frequency (Fig. 1). The period length within 
each group was constant. All of the periods in the line pattern had the same 
amplitude. . 

A small number of frequencies is sufficient to describe the behaviour of ea Ne 
The period length is preserved right through the combination of optical system 
and emulsion (except for the scale which depends of course on the optical system). 
The amplitude, however, decreases as the distance between the lines decreases. The 
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i i i iodic si i i . The lines are arranged 
Fig. 1. Photographic reproduction of a periodic sinusoidal line pattern r 
wees with an increasing frequency. Within each group, the length of the period and the 
amplitude are constant. 


lines are of constant intensity in the y direction and are sufficiently long. How- 
ever, at right angles, i.e. in the a direction, the intensity varies sinusoidally. The 
pattern possesses therefore a one-dimensional character. 

That the period length and sinusoidal shape are maintained during photogra- 
phic reproduction can be expressed mathematically [13]. The condition is that the 
frequency functions included in the system are linear, i.e. the amplitude of the 
output wave is directly proportional to the input wave. Assuming that the line 
pattern of the object can be described by means of the function: 


fo (xz) =1+0,(N,):sin22 Ny, 2, (11) 
the image of the photographic emulsion will be described by: 
fy (z) =1+| Prot (Nx) | + Co (Nx) sin [27 Vx — © (N,)] (12) 


where | F',.,(N,)| is the CY of the optical system and photographic emulsion to- 
gether. This C7 function will describe how the amplitude diminishes. © (N,,) is 
the phase shift which, in this investigation, has been neglected because of the 
symmetry of the image. 


Apparatus for the measurement of | Fi: (JV) | 


Points on the | F,,,(N)| curve can be determined by exposing a sinusoidal in- 
tensity distribution on to a photographic emulsion. The apparatus constructed for 
this purpose has therefore two main parts, viz. a light modulator for regulating 
the amount of light and an optical arrangement for exposing an object. 

The optical arrangement consisted of a collimator, mirror and a camera lens 
(Fig. 2a). A slit S (width 10 w, length 18 mm) was placed in the focal plane 
of the collimator K (focal length 938.5 mm). The slit was sufficiently long that 
diffraction phenomena in the y direction could be neglected. The parallel beam 
of light proceeding from K was reflected by a plane, aluminized mirror M. It 
then passed through a camera objective C (focal length 25 mm) and formed a 
line element on the film emulsion. The line element was therefore an image of 
the slit, situated at an infinite distance relative to the objective. Upon slowly 
turning the mirror M (Fig. 2 a, Fig. 5), the line element moved over the emulsion 
surface in the x direction and thus produced a rectangular image. However, if the 
slit intensity simultaneously varies sinusoidally with respect to time (Fig. 3): 


I(t)=I,+I,sinwt (13) 
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Fig. 2. Apparatus obtaining contrast transfer functions. 


(a) Arrangement for combination of optical system and photographic emulsion: W, tungsten 
band lamp; L, and L,, lenses; P,, rotating polarizer driven by synchronous motor S M, and 
gearbox; Q, quarter-wave plate; P, and P, polarizers with planes of polarization fixed at an- 
gles « and B to an axis of Q; F, filter; S, entrance slit of the collimator K; M, mirror rotated 
slowly by synchronous motor S M,; C, camera lens; em, photographic emulsion. 


(6) Arrangement for optical system alone: W, tungsten lamp; Sc, narrow entrance hole in the 

plate holder plane of the camera C which is to be tested together with the mirror and col- 

limator; St, rotating Siemens-star; R, recorder connected to the photomultiplier cell at the 
end of the collimator. 


then a line pattern which is a function of the coordinate x’ will be exposed on 
the emulsion: 
Tice lo tT iasmlaN x (14) 


Hence, such a sinusoidal line pattern corresponds to an object of the same type. 
The whole of the exposure did not occur simultaneously. This type of reproduction 
permitted, namely, the moving light image to be summed over the whole of the 
exposure period [7]. 

The contrast transfer function is the ratio of the contrast of the image and 
that of the object. Fig. 3 shows, for example, that a decrease of the contrast 
0.8 of the aerial image to the contrast 0.4 of the effective image gives the 
value | Fem (N)|=0.5. 

The sinusoidal variation (with respect to time) of the slit intensity was pro- 
duced by means of a light modulator placed between the light source W and the 
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Fig. 3. The slit is modulated and exposed sinusoidally with time. The emulsion is exposed 

as abscissa. A change in contrast from that of the aerial image, i.e. of the object only (0.8), 

to that of the image on the emulsion (0.4) gives | F.,,(N;,)| for the emulsion=0.5 for the 
fixed space frequency N,,. 


slit S (Fig. 2a). The light source, a tungsten band lamp with a band length of 
20 mm, was focussed by means of two condensor lenses, LZ, and Ly, on the slit 
S. The light modulator was placed in the parallel beam of light between the two 
lenses. It consisted of the polarizors P,, P, and P3, and the //4 plate Q. The 
polarizor P, was fixed. The angle between one axis of the @ plate and the 
polarization plane of P, is denoted by «. If P, is rotated with a constant 
angular velocity w, the intensity varies sinusoidally according to: 


I (t) =I, cos? B (1 — cos2 a+ cos2 mt) (15) 


Each rotation w:t=2a gave rise to two density maxima on the emulsion em. 
Between 0.5 and 4 sinusoidal periods per sec were produced by means of a syn- 
chronous motor SM, and nine-speed reduction gear. The synchronus motor SM, 
was equipped with a gear box which produced three different speeds of rotation 
for the aluminium mirror M. Hence, 27 different space frequencies from N =9 mm? 
could be obtained. 

The contrast of the object is determined by the angle «. It is therefore possible 
to arrange the experiment so that the intensity variation only extends over a 
part of the density curve. For example, a suitable part of the density curve around 
the “working point’ (i.e. the density D which corresponds to the mean intensity 
of the sine wave) can be investigated. The position of the “working point” can 
be set accurately by rotating P, through the angle f in relation to P,. However, 
with high speed films, a grey filter must be placed in front of the slit for the 
rough adjustment of the intensity in order to facilitate the accurate setting of the 
absolute intensity by means of the rotation of dogs 

The spectral range was limited by means of a filter F (Fig. 2). The combination 
of tungsten band lamp and filter gave a sufficiently high intensity for emulsions 
of low sensitivity and also a sufficiently narrow spectral band for the investigation 
of the colour sensitivity of the emulsion. Since the 4/4 plate Q was designed for 
A=546 mu, a wide filtering of the light would mean that full contrast C,=1 
would not be obtained. Three spectral regions have been investigated with the 
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Amax of the filter equal to 456 mu, 546 mu and 679 my (Fig. 21). The filtration 
by the green filter was sufficiently narrow that C, had approximately the maxi- 
_ mum value 1.0, while, for both of the others, C, was at most 0.94. 7 


The camera 

~ For an investigation of this type, it is necessary to have a camera of the 
highest possible precision as far as the focussing and the planeness of the film 
are concerned. 

Focussing could not be performed by using a screwing motion for the objec- 
tive since centering errors in the lens system would give different optical OT 
values for one and the same image angle. Hence, in this investigation, only a 
pure translatory motion in the direction of the optical axis was suitable. 

The lens holder on the camera was constructed from three concentric cylin- 
ders. The outer was fixed to the camera housing. The middle one, which was 
threaded on both sides, was situated between the other two. The outer thread 
had a 1 mm pitch and the inner one a 0.5 mm pitch. The inner cylinder, which 
was the objective holder, was forced, by means of a guide-pin, to move in a 
groove cut in the outer cylinder. The groove therefore restricted the movement 
of the objective to one single degree of freedom parallel to the axis. A turning 
of the middle cylinder in a positive direction relative to the outer stationary one 
- produced automatically an equally large, but negative, rotation of the objec- 
tive holder relative to the middle one. Each revolution produced thus auto- 
matically a 0.5 mm pure translatory motion of the objective relative to the emul- 
sion in the same direction as the original motion. The combination of a high 
_ precision in the making of the threads and a large number of threads, which 

grip on to each other, made possible a high reproducibility in the focussing 
(about 2 mw). This has been checked by the many adjustments in which check 
recordings of | F,,,(N)| in the image space of the lens system have been made. 
As an interesting comparison, it should be mentioned that the thickness of the 
emulsion Agfa IFF is ca. 6 « while that of Agfa IU is approximately the double. 
To prevent the bending of the emulsion layer, the film was pressed between 
two accurately worked plane surfaces which had been controlled interferometri- 
cally. In the front plate, a small opening (3x12 mm) was left free for the passage 
of light. 


Measurement of the optical C T function | F.(V) | 


In order to determine the C7’ function | F.n(N)| for the emulsion accurately, 
all of the elements between the object and the image which decrease the con- 
trast must be known so that they can be eliminated. An auxiliary investigation 
has therefore been made in order to determine the contrast transfer function for 
the lens system, K+ M+C, by means of a photoelectric method. The principle 
and some details concerning the apparatus have been described previously [9], [7]. 

The testing of the optical system of the apparatus (K +M +(C) (Fig. 2b) was 
performed in such a way that the arrangement of the optical system was iden- 
tical with that used in the experiments on the emulsion. A light point (1.5 x 2.2 ml) 
was reproduced by the lens system in the image plane of the camera on a ro- 
tating star situated in the focal plane of the collimator. The light path was there- 
fore the same as that in the emulsion experiment but the technical difficulties 
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Fopt(N=0)=10 


Fig. 4. A registration showing a CT-curve for the optical system. A calibration level for Y 
Fo (0)=1 and N=0 is to the right. On the left hand side is shown an uncorrected | Fost (N) | 
curve for N>30 mm-?. The space frequencies used for the investigation of the emulsion are 
. constant 


shown as dots. Their distance from the co position is obtained from r= N 


necessitated the different light direction. The adjustment of the test star in 
the focal plane of the collimator is, amongst other things, less critical and a vari- 
ation of a few mw during the rotation is without appreciable effect on the results. 
The ground frequency of the light stream which passed through the star was 
amplified selectively. The alternating current signal was rectified and the contrast 
of the image registered on the recorder R. The star was moved radially and a 
CT curve was recorded simultaneously on a relative scale. In order to calibrate 
this scale, the test star St with its finite radius was moved outside the light 
path. Instead, the light stream was modulated quadratically with the same fre- 
quency using an extra rotating sector so that the space frequency had the value 
N<0.03 mm~. This vertical calibration could be performed according to Fy, (0) =1 
[6]. The registration in Fig. 4 shows the calibration on the right and the | F,,; (Y)| 
curve on the left—the frequencies chosen for the experiment are marked on the 
experimental curve. A radius of the star corresponds to a distance r from the 
axis of symmetry of the curve (marked by co), since the middle point of the star 
passes the point image. The position of N is determined by 


m:G-v, 1 ore 1 
= -—=constant - — 
2a-v,. N N 


m=number of spokes in the star (m=70) 
G=enlargement of the optical system 
vs=registration speed of the recorder 
v,=radial translatory velocity of the star. 


However, a correction must be applied since the finite dimensions of the light 
source influence the measurements. The deflection of the recorder | Freg (NV) | gives 
a lower absolute value than the correct | Fo: (V)|. If the slit function is denoted 


by F.,.(N), then we obtain by division with the real transform 
Prog (N) 
Post (N) = hy) (16) 


F,,(N) is determined after taking consideration of the fact that intensity distri- 
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Fig. 5. A rotation of the mirror M produces 
-@ movement of the image on the photographic 
‘emulsion em. Rays of light, which pass through 
the camera lens C, come from different parts 
of the collimator lens K and the mirror M. 
Hence, the optical system must be tested in 
the experimental arrangement using exactly 
the same light path. 


bution of the point is almost rectangular. Its influence is described by the Fourier 
transform: 

sin 7 Nb 
F,, (N)=- 


(17) 


When recording the |F,,,(N)| curves, the hole was placed so that the side 
=2.2 uw was in the direction of translation of the test star. The value was very 
difficult to determine exactly, but the accuracy was sufficient for these inves- 
tigations. Moreover, the frequencies were not so high that it was necessary to 
employ the steeper parts of the correction curve. N<180 mm’. 

| Fopt(N)| shall also contain a correction for the finite width of the slit S 
which was used for the emulsion tests. This correction is, however, + 1 with a 
difference less than 0.5% for N<180 mm. In relation to the other sources 
of error, this one was completely negligible. 

| Foy. (V)| changes slowly when a movement in the emulsion plane xy is made 
in the image space of the camera. Fig. 5 shows how a turning of the mirror 
M produces a movement of the image on the emulsion from position 1 to 2. 
Each WN region, viz. N,, N,,..., necessitates its own image angle. Hence | F.,,(N )| 
must be determined for the different image angles. The method for accurately 
determining the position of the emulsion, which is described below, requires a 
knowledge of | Fp, (N)| for different planes parallel to the emulsion. 

The recording of the sinusoidal pattern in the emulsion tests was performed 
for the extension of the line in the y direction. The line length (~0.4 mm) 
corresponded to an angle <0.9°. It was therefore sufficient with a mapping in 
the xz plane with the lens system in the same position as when exposing the 
emulsion. When measuring the optical C7’ function, the depth adjustment along 
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Imm 
Fig. 6. “Contrast hill’ for the optical system in the wz plane of the image space. The z axis ; 
corresponds to the optical axis and the x axis to the position of the emulsion plane. The 


curves are “isocontrast curves”’ for | Pope (N = 56)|=0.3, 0.4,... The contrast curves are cor- 
rected for the finite extension of the test point. 


the z axis was varied in 10 ~ steps for each image angle adjustment. The image 
angle was set along the x axis in 1 mm steps. The measurements were performed 
for space frequencies from 9 to 180 lines/mm. They are given in the CT regis- 
tration in Fig. 4. Each frequency is topographically prepared as a function of 
the depth adjustment z and the image coordinate x (Fig. 6). Lines with the 
same contrast, so called isocontrast lines, give a “‘contrast hill’ of great breadth 
but small depth. The figure shows the contrast hill for N=56 mm. The best 
contrast reproduction was obtained in the neighbourhood of the optical axis. 
The contrasts are corrected numerically for the finite width of the point. The 
z axis corresponds to the optical axis. of the lens system in the image field. 
However, the figure shows that the notion of “optical axis” cannot strictly be de- 
fined for optical systems with centering errors. This appears even more clearly 
for “contrast hills’ corresponding to higher N values. When the number of lines 
is increased, the “‘contrast hill’? tends to approach the objective somewhat. The 
tendency becomes greater the further one moves from the central region. The 
“contrast hill” becomes at the same time lower and less spread out. This appears 
clearly from a section taken through all of the “contrast hills” along x=2,, y=0 
(Fig. 7). By means of a suitable placing of the emulsion, it is possible to meas- 
ure the C7’ value for relatively high frequencies. The dimensions of the test star 
and the CT" properties of the emulsion limit the usable frequency range to 36- 
180 lines/mm. 

An interpolation procedure was used for the space frequency range N < 36 mm~?. 
This is permissible since an interpolation is both obvious from a theoretical point 
of view and also practical because the points (2,2) of good contrast in the 
region, 36-100 mm’, fit on a straight line passing through F,,,(0)=1. In Fig. 
8, the CT’ curves are given for the points (a,,2,). The interpolated values for 
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N= 36mm | 
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Fig. 7. Section through all the contrast hills at ~=2,, y=0. The function | F,,,(N)| has 
been corrected. 


the regions exposed with the space frequencies N;,=9, 11, 18, 23 and 28 mm’ are 
marked. 

The ideal experimental arrangement would be to replace the rotation of the 
mirror by a very accurate translation of the emulsion. When the mirror is re- 
moved, the light path can then be straightened out. The C7’ testing of the lens 
system would only need to be performed axially and could therefore be con- 
siderably simplified. 


Demands on the optical system 


Considerable demands must be placed on the optical system when measuring 
photographic CT values for space frequencies N up to 150-200 lines per mm. 
Amongst other things, the system must be able to produce sufficiently high and 
known contrasts in the emulsion plane (cf. in this connection Ronchi [11)). 

An objective with a short focal length has in general higher C7’ functions 
than those given by objectives with long focal lengths. A microscope objective 
certainly gives high values but possesses instead the disadvantage that it pro- 
duces good contrasts only within a small part of the image field. Difficulties 
occur when trying to place the emulsion in a reproducible position. The thick- 
ness of the emulsion therefore has a considerable effect on the results. Also, the 
width of the focal plane is not sufficient for the type of experimental arrange- 
ment used here. It is possible to obtain a few individual measurements but not 
the long series of values on which accuracy in this work is necessarily based. 
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Fig. 8. CT curves determined at various image angles in one of the emulsion investiga- 
tions. x are the experimentally determined points obtained from the contrast curves, ®@ gives 


| Fopt (N)| for N<36 mm and are interpolated values. 


A wide aperture lens is necessary if less sensitive emulsions are to be inves- 
tigated. Smaller apertures are not so satisfactory from the point of view of con- 
trast as F,,(N) has a lower absolute value. For the maximum aperture, the 
deterioration in the CT value puts a limit to the usefulness of such an objec- 
tive. This has been shown by investigations at, amongst other places, this In- 
stitute. As a compromise, the {/2 aperture of a cine objective, viz. f/1.5 Schneider 
Xenon, f=25 mm, has been chosen for all the experiments. Such an aperture 
is relatively large and gives, in addition, good C7’ functions. The other compo- 
nents in the lens system, viz. the collimator K and the mirror M, must of course 
also be of good quality. They are however of less importance in this connection 


Demands on the developing procedure 


In these investigations, it was important to prove that the measurements of 
the light distribution in the sensitive emulsion layer were not adversely affected 
by an ineffective stirring of the developer at the emulsion surface. In stationary 
bath development, the chemical processes cannot alone produce sufficient stirring 
to prevent the occurrence of concentration gradients of developer components 
and chemical products. Such gradients produce uneven development (adjacency 
effects), which is of course undesirable, An irregular stirring of the developer is 
therefore necessary. However, a standard spiral developing tank, in which an 
irregular manual stirring is employed, is also unsuitable since the thin capillary 
liquid layer close to the emulsion surface is not stirred sufficiently effectively 
by the movement of the film in the developer. Thus, for certain combinations 
of emulsion and developer, a considerable adjacency effect is obtained. It is 
however not correct to state that this effect is, in general, quite undesirable 
under normal circumstances. However, it is obvious that the present investiga- 
tion should be free from all such side effects. A third type of development, viz. 
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Fig. 9. Tank for brush development. The film holder A is turned by means of a synchronous 
motor causing the four weasel hair brushes B to pass lightly over the emulsion em. C is a 

bearing for the film holder axle. The developer, which tends to rotate together with the film, 

is made to flow irregulary by means of the partitions V. The tank is surrounded by ther- 
; mostated water. 


brush development, has however given acceptable results. The brushes, which 

only touched the emulsion very lightly, produced an effective stirring of the 

, capillary layer without damaging the emulsion. Undesirable concentration gradi- 
ents were reduced to a minimum as far as could be judged from the results. 
A tank for brush development has been constructed. As also shown by, amongst 
others, Clark [1], brush development possesses several advantages, viz. the devel- 
opment is very even and, moreover, reproducible. It should also be pointed out 
that brush development has been advised in Germany for photographic sensito- 
metry (according to DIN 4512). 

The tank (Fig. 9) was made of perspex. It was not made light-tight because 
the films were developed in a darkroom. The film em lies in a circle with the 
emulsion side inwards. The maximum length of 35 mm film which can be devel- 
oped is 80 cm. The tank is built in two parts. The fixed lower part, which is 
placed in a thermostat containing vigorously-stirred water, consists of a cylin- 
drical, ring-shaped vessel containing 1 litre of developer. Four soft, long and flat 
weasel-hair brushes were fixed to the inside of the vessel so that they touched 
the emulsion surface very lightly. The movable part, i.e. the film holder, was 
also cylindrical. It was constructed so that the film could be pushed into two 
grooves and then securely fastened. The axle A of the holder fitted into a per- 
spex bearing. A synchronous motor fixed to the axle rotated the film holder 
with a radial velocity of 12 r.p.m. A brush therefore sweeps over each part of 
the emulsion every 1.25 sec. When the holder rotates, the developer also tends 
to rotate. However, the brushes prevent this and thus produce an irregular motion 
of the liquid. The motion of the developer is made even more irregular by means 
of obliquely-placed plates V fixed to the bottom and walls of the outer vessel. 
The stirring thus produced is very effective. 
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Fig. 10. Density maxima and minima of the sinusoidal line pattern in the negative as a 


function of the space frequency N. The “working point’’, i.e. density for the mean intensity, 


is D=0.45. 


Measurement of | Fi (N)| and calculation of | Fem(N)| 


The image angle which must be used when exposing more than about ten of 
the space frequencies is determined by their “contrast hill’. The exposure range 
is chosen after taking consideration of several factors. It is not possible to use 
always the region with the highest | F.,,(N)| levels. The region which is suitable 
for the exposure of low space frequencies is much wider than that for high fre- 
quencies since the latter consists of narrower and shorter “‘contrast hills’. The 
“contrast hill’? becomes more bent and, at the same time, more displaced towards 
the objective as the frequency increases. The displacement varies moreover with 
the image angle. As a compromise, the plane of the emulsion was chosen so 
that it passes through the maximum of the contrast hill at N=56 mm. 

The method used in this investigation makes it possible to perform diffusion 
investigations on different parts of the.density curve. Both weak and high densi- 
ties give rise to disadvantages from a practical and experimental point of view, 
e.g. disturbances due to noise caused by non-statistical grain distribution, diffi- 
culties with the transmission measurements etc. The exposure was chosen so that, 
in all experiments, a density D=0.45 was obtained. This density corresponded 
to a mean value of the object intensity of mainly the higher space frequencies 
(Fig. 10). A desire to place the working point immediately above the toe of the 


density curve, i.e. on the lower- part of the linear section of the curve, where — 


the best image reproduction is obtained has been fulfilled [8]. The figure shows 
the density of the image of the sinusoidal pattern obtained with an Agfa IFF 
film as a function of the frequency N. The modulation degree C, of the object 
was 1.0. The upper curve shows the maximum density and the lower the mini- 
mum density of the sine curves of the image. The corresponding density curve 
is given on the right. 

As well as the exposing and developing of the emulsion, the experimental 
work also involved the microphotometrical investigation of the emulsion and the 
evaluation of the photometer curves. 
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The microphotometry of the emulsion was performed using parallel light. The 
Microscope objective, N.A.=0.25 and f=25 mm, enlarged the emulsion 12.8 
times on to a slit. The linear velocity of the emulsion was 150 u per minute. 
‘The effective photometer slit was 0.3 mm long and 0.7-1.5 wu wide. An increase 
in the noise in the emulsion necessitated an increase in the width of the slit. 
_ The light stream, which was obtained from a photomultiplier tube placed behind 
~ the slit, was registered on a recorder in the form of a transmission for the nega- 
- tive. 

__ The transmission measurements were made relative to the background fog of 
_ the emulsion, i.e. the transmission of the background fog was put equal to 1.0. 
_ The CT values thus calculated were therefore somewhat higher than those meas- 
ured relative to the film base or “air’’. But since the contrasts should be ex- 
_ pressed using quantities which have been measured using the effective illumination 
_I-t, it seemed most natural to use the C7’ value relative to the background 
fog. In order to, if possible, describe more completely the emulsion experiments, 
- it would be best to state the magnitude of the background fog as well as the 
| CT values. 

_ In order to transform the photometrically measured transmission of the negative 

to the actual intensity J-t, it was necessary to expose also a density strip. In 
this way, the influence of a non-linear density curve could be eliminated. The 

procedure is as follows. The transmissions for the maxima and minima of the 
_ photometric curve were transformed to J-t values by means of the density curve 

(Fig. 11). The contrast | Fo: (M.)|-C. (Nx) in equation (12) for the effective image 

was calculated using equation (4). Division of the contrast of the image by the 
- C,(N;) of the object (eq. 11) gave a point | F,,;(N,)| on the combined transform 

for the optical system and emulsion | F,,,(N)|. By means of a point by point 
' division, | F..(N)| was calculated for the light distribution of the emulsion (eq. 8). 
Between 10 and 14 points were investigated for the Ve (N)| curve. 

But now the question arises: “How is the sinusoidal shape changed by the 
emulsion?” The preservation of the sine shape is one condition for making cal- 
culations using contrast transfer functions. A density curve is shown in Fig. 11. One 
period of the registered photometric curve, with the transmission measured rela- 
tive to the background fog, is plotted at the 7 axis. Below, one can find, at 
the J-¢ axis, the corresponding sine curve in J-t values. If a number of points 
from a sine curve in J-¢ values are transformed to the corresponding transmission 
values and are thereafter fitted into an original registration, then it is found that 
the points agree well with the registration (Fig. 12). Of course, local deviations 
occur depending on the noise. But the agreement is unmistakable. The figure 
shows the most unfavourable case, viz. the contrast of the image is so high that 
a large part of the density curve must be used for the evaluation. But no 
appreciably higher frequencies, apart from those due to the noise, were found 
to be imposed upon the ground frequency of the sinusoidal pattern of the effec- 
tive image. For the high frequencies of the effective image the contrast is rather 
low so an almost straight part of the density curve is used. The density curve 
of the negative has for these frequencies nearly a sine form. The correctness of 
the structure of the calculated image in equation (12) was thus experimentally 
verified. The linearity was also proved later by the agreement of the results. 


431 


H rang sie 


law os 7, a 
Working “Kr ees nora . as . 


Poa Nor i a7) ike ee a 
("tt P ; ee et 


sili Bes 
aioe 
Re ) | 


etl at iy 
271 


Fig. 11. The density curve for the IFF-emulsion shows transmission 7’ as a function of I-t. 
A period on the negative, which has been altered due to the density, is plotted at the i 
axis. The corresponding J:t curve has a sinusoidal form and is shown at I-t axis. 
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Influence of the positioning of the film 


Series of ‘exposures were made in order to show that the determination of 
| Fem(N)| is independent of the position of the emulsion plane. The accuracy of 
lose Moe was obtained from a series obtained using the Agfa IFF emulsion B. 
The emulsion in the wy plane was exposed with N =56 mm‘ within the whole of 
the image field corresponding approximately to the extension of the “‘contrast 
hill”. The exposure was repeated a number of times on one strip of film using 
a distance of 10 ~ between the xy planes. Twelve sections with «= constant were 
chosen. | Fo, (N =56)| and | F,p,(N =56)| were determined for each section and 
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:, Fig. 12, A transmission curve constructed from a 
- sinusoidal pattern is fitted in to an original regis- 
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_ with the aid of a density curve. The points indi- 
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tration. N =9 mm. The construction is performed 


cate the constructed values for every tenth degree 
of a period. 


exposure. The maxima of corresponding section curves were moved so that their 
z coordinates coincided (Fig. 13). | Fam(N)| was calculated for each exposure point. 
The mean value | IP es (NV = 56)| of 60 measurements was 0.607 and the Gaussian 
standard deviation 0.037. 

The relative horizontal level of the | F..(N)| curves, together with the small 


* standard deviation, confirmed that the transform of an emulsion, like the one 


obtained here, is real and that the influence of a change in the focussing has 
been eliminated. 


The film investigation 


The camera was constructed primarily for 35 mm film. When choosing film 
emulsions for the investigation, it was considered that a close similarity of the 
chemical compositions of the fine grain and coarse grain emulsions was desirable. 
However, because of insufficient information concerning the various emulsions, 
this has unfortunately not been possible—it was instead necessary to use photo- 
graphic emulsions from one and the same manufacturer. It was however possible 
to satisfy the condition that all films should be developed using the same devel- 
oper. In this way, the number of factors exerting an influence on the results 
has been kept to a minimum. The tests were made using the Agfa emulsions 
IFF, IF, ISS and IU. Brush development using the trade developer ‘Final’ was 
employed. Frieser has also investigated the same emulsions in his diffusion in- 
vestigations [4]. , 

In all experiments, the mean density was 0.45 (Fig. 10). Hach experimental 
curve value was an arithmetical mean of at least three measurements, each com- 
prising between 4 and 30 periods. In addition, three exposures of a density strip 
were always made on the same piece of film. 
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Fig. 13. Section through the contrast hills along the z axis for the frequency) N =56 mm-1. 


The function | F,,,(N =56;z)| is calculated from the measured curves | F,,,(N = 56; z) 
| Pop, (NW = 56; z)| according to 


ee, | Ftot (N = 56; z) | 
: | Pom (N = 5652) |= FW = 86; 2) | 


It was thereby shown that C7’ for the emulsion does not depend on the emulsion plane z 
or on the optical system. This demonstrates the homogeneity of the measurements. 
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Discussion of the microphotometric errors 


The adjustment of the lines on the negative so that they are parallel to the 
slit is a source of error in the registration of the emulsion images. In order to inves- 
tigate the accuracy of this adjustment, a single sine pattern has been registered 11 
times with IFF emulsion B using a completely different adjustment each time. 
| F'o.(N)| was calculated for five different frequencies (Table 1)—it represents 
five different contrasts. The standard deviation o was calculated for each frequency. 
The amount of data is small. However, it is seen that o tends to increase some- 
what as N increases. The explanation is that the angular adjustment of the slit 
produces, in relation to the lines on the negative, increasingly greater error on 


Table 1. Influence of the microphotometer slit. 
N —space frequency; 
M-—mean value of | Frot (N )| for IFF emulsion B; 
n —number of registrations; 
o ~standard deviation. 


Nmm-) 9 28 46 72 116 


M % 71 62 50 33 14 
n 11 1] 11 11 11 
0% 0.8 1.2 1.5 1.2 digi 
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casing line frequency. On the whole, the stand. 

ns very emonstrate the aacuracy of the work. The 
adjustment should give a maximum amplitude for the sinusoidal scanning. 
finite width of the microphotometer slit causes the registration to be some- 


iat 


too low. A slit has namely the Fourier transform 


2 


‘Taking consideration to the background noise and the resolution at high con- 
trasts, 6 can be put equal to one tenth of the period length for the highest 
frequency which is registered. The slit, which always has the same width, then 
registers all of the frequencies in the sine pattern. The transform indicates, at 
most, a 1.7% lower value than that obtained with ideal scanning. The contrasts 
were often so small at higher frequencies that the error decreased to at most 
_ 0.003. With lower frequencies, the deviations from the correct values were smaller. 
_ Hence, errors resulting from the finite width of the slit could be completely 
- neglected. 
Since the emulsion was illuminated according to the Kohler arrangement with 
_ parallel light from an incandescent filament parallel to the lines in the sinusoidal 
pattern, it it possible to consider the illumination as being relatively coherent. 
- The degree of coherence has not been determined. It was also not possible so 
_ far to determine a CT’ function for the microphotometer objective. There is how- 
ever reason to believe that C7’ is rather constant for the frequencies between 
* 0 and 150 mm“ which were employed in this investigation. The theoretical bound- 
, ary for incoherent reproduction with an objective for which N.A.=0.25 lies at 
about 1000 mm~*. A correction for the influence of the microscope objective has 
_ therefore, under such conditions, not been made. 

An experimental analysis of the effectiveness of the electric recorder, including 
the inertia of the instrument, yielded a C7 function which, at N=200 mm"’, 
gave a OT value of 0.99. This influence could therefore be neglected. 


Influence of the structure of the line pattern 


In all emulsions, the emulsion grains form a mosaic pattern, the structure of 

- which is more or less difficult to define. The structure presents a different ap- 
pearance for different emulsions, depending on the differences in the grain size. 
A more sensitive emulsion has in general a larger mean grain size. The grains 
can exhibit a better statistical distribution the greater the area of the emulsion 
or the greater the number of grains. The distribution has a certain importance 
for the scanning of the test pattern. In order to get a more accurate and bet- 
ter result, the surface of the scanning slit should be increased as much as possible 
and should, at the same time, sweep over as large a region as possible. However, 
the size of the slit is limited by the highest usable line frequencies. A more 
accurate determination of the influence of the grains on the individual sine waves 
which make up the image is of a certain amount of interest for a knowledge 
of the degree of statistical adaptability of the grain. During the scanning of the 
pattern, the dimensions of the slit were kept constant. The contrast | Prot (N)| 
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= Table 2. Influence of the line structure. at Mal 
_. M-mean value of | Frot (N )| for IFF emulsion B; ’ . 
m —number of periods; 


o —standard deviation; 


~ _ standard deviation relative to the corresponding M value (%). 


Nmm-"} 9 28 46 ~~} 72 116 


M % 73 61 50 30 14 
n 4 Hf 11 15 27 
o% 1.1 1.6 2.2 2.4 2.2 
Co) 

mee 1.5 2.6 4.4 7.9 | 16 
Mu Zo 


the IFF emulsion B shows how o reaches relatively early its highest value. The 
explanation of this behaviour is as follows: If a low frequency, e.g. N=9 mm“?, 
is considered, then the “sine curve’ can be followed. The extreme values of the 
curve can therefore be determined relatively accurately (Fig. 12). Here, the grains 
are without doubt statistically distributed. But, for a fine structure, e.g. N=72 — 
lines/mm, it is not so likely that a normal distribution exists inside each extreme 
value. It is instead more probable that the mean grain size varies somewhat 
period by period. The deviations from the normal distribution within each half — 
period will therefore be greater the finer the line structure. But, if the number 
of periods increases sufficiently rapidly, the number of periods will, together with 
a low M value, indirectly oppose the influence of the grain so that o will no longer 
continue to increase. The ratio ¢/M will however successively increase. It is not 
possible to perform any evaluation of the frequencies which are drowned by the 
noise obtained using the method employed in these experiments. For this, other 
methods than the one employed here must be used. 


Variation of the contrast. Linearity 


An exposure of the object according to equation (11) gives an effective image _ 
in which the form of the sinusoidal pattern is preserved. The contrast is, however, 
lower. Equation (12) shows the dependence of, in addition, | Frot (NW) |. However, 
linearity is said to exist only when the contrast of the image | Frot (Nx) | + Co (Nx) 
is directly proportional to the contrast of the object. This means that | Fro: (N;) | 
is theoretically independent of the magnitude of C,(N;,). 

It is known, that linearity exists for the optical system. But this has not 
previously been verified for the case when a non linear part of the density curve 
is used. The investigation of this linearity is performed in such a way that the 
contrast C,(N,) is varied. If, in the expression for the image contrast | Fio¢ (Nx) |- 
Co (Nx), the function Bees (Nx) |+Co(Nx) is to be proportional to the contrast 
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Agfa IF F-A(Final) 
Filter 546 mp 


_ Fig. 14. The five curves represent 
C,(N):|Fem(N)|. For the upper 
curve, CO, (N)=1.0. 


O 50 100 mm! N 


~ 


of the object, then | Fn (N;)| must be constant provided that linearity exists for 
the reproduction. It was, moreover, confirmed that C,(N,) is preserved, just like 
| F opt (NV. 9) |. 

The results obtained, when 0.2<C,<1.0, are presented in curves and in a 
table. Fig. 14 gives the contrast transfer function | F.,_(N)| for the IFF emul- 
sion A. The five curves show the behaviour of O,(N)-| Fen (N)|. For the upper- 
most curve, C,(N)=1. An evaluation of | Fon (NV)| alone, which is based on dif- 
ferent C, values, is presented in Fig. 15. 

C, is given here as the abscissa. Each curve gives | Fem (N)| with N as a param- 
eter. The slight sloping of the curves does not contradict the linearity of the 
photographic reproduction. There can be several reasons why Se Les 


If there occurs, for example, a systematic error in the reading of the photometer 
curves for C,=0.2, then the error in the | Fem (NV )| curves will be enlarged by 
a factor of 5. Good results were also obtained for other commercial films (Table 3). 


The table only contains some of the frequencies comprising the contrast transfer 
functions. It gives a good idea of how the linearity is preserved. For 0.4<(C, < 1.0, 
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Fig. 15. The contrast of the ob- 
ject is the abscissa. | F',,,(N)| is 
the ordinate. O, curve with the 
parameter N=11 mm-; A, 18 
mm-}; [], 28 mm-}; V, 46 mm-}; 
x, 72 mm-!; @, 116 mm~. The 
horizontality of the curves con- 
firms that one can describe the 
change from applied intensity to — 
effective intensity as a linear fil- — 
ter, ie. the CT theory can be 
used in photography. 
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N=92 116 145 mm-} 


Fig. 16. At the “limit of resolution”. The line pattern is obvious at N=116 mm -!, Higher 
space frequencies are resolved partially or not at all for N>116 mm-!, The influence of the 
emulsion grain appears. IFF emulsion A. The contrast C,(N)=1.0. 


the variation for the various space frequencies are with a few exceptions quite 
small. A good linearity appears to exist. A Fourier analysis is permitted in ex- 
periments with different photographic emulsions in spite of the fact that relatively 
large inhomogeneities exist in the emulsion. If, however, the column C,=0.2 is 
considered, one finds that the values sometimes exhibit deviations. Such deviations 
can be easily explained since, at these low contrasts, the noise, when the period 
length is small, causes a considerable disturbance of the sine waves. It is diffi- 
cult to obtain accurate readings. At the same time, a systematic reading error, 
which affects the results, is easily introduced. According to the table, a coarse 
grained emulsion with a large noise has a larger effect on the sine wave. This 
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result is also of importance as far as the method for performing the measure- 
_ ments is concerned. It is thus permitted to adjust the object contrast, when 
* measuring, for example, the light distribution, so that C, becomes of a suitable 
_ value. Large image contrasts are namely disturbed by background fog and low 
' ones by the noise. These investigations provide a new illustration of how problem- 
_atical the notion of limit of resolution is for a photographic emulsion. The 
_ curves in Fig. 14 tend to pass slowly over the limit of resolution. The sine curves 
_ gradually die away and appear finally only within certain limited regions. Low 
_ image contrasts can be better by increasing C,(N). Moreover, the “‘limit of reso- 
- lution” moves towards higher N values when a good objective is used. Fig. 14 
and 16 show how, for the IFF emulsion, the pattern is obvious for N = 116 mm“ 
while the higher frequencies, e.g. N=145 mm’, are not worth registering. If a 
curve |F.,,(N)|, which has been obtained using a lower image contrast C, (1) 
e.g. 0.4, is employed, then the largest resolvable frequency will be smaller. When 
C,(N)=0.2, the curve continues only to N~75 mm’, 


Investigation of the different emulsion and emulsion batches 


The investigation has been performed using four emulsions, viz. Agfa IFF, IF, 
ISS and IU. They represent different film speeds and different degrees of graini- 
ness. The C7 functions for IFF, and IU have moreover been investigated for 

two different emulsion batches. The results are given in Fig. 17 and Table 4. 
Each value is the mean of 3-5 measurements. The maximum deviation from 
the mean value is also included in the table. The experimental values obtained 
confirmed that a fine grain emulsion gives in general a higher | Fem (N)|. For 
the frequencies 0-80 mm™', there occur namely large differences between the 
different curves, the fine grained IFF emulsion having the highest level. For 
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Fig. 17. | F..,(N)| curves for four emulsions developed using Final. IFF in addition with 
Isonal. All emulsions, type A. 


N>80 mm“, there often exists a considerable uncertainty because the influence 
of the grains becomes more dominant. The sine pattern appears more clearly 
with the finer grained emulsions in the high frequency region. With the IFF emul- 
sion, the line pattern appears patchwise even at N= 180 mm’. With the IU emul- 
sion A, these patches have sometimes been observed at about N = 100 mm. 
Questions which may be asked in this connection are: How large are the dif- 
ferences between two different emulsion batches of, for example, the IFF type? 
Does the CT function change when an emulsion is stored and thus aged? An 
investigation to provide answers to these questions would have to be performed 
over a relatively long period of time, preferably several years. No direct aging 
tests were performed. On the other hand, the C7 functions for two emulsion 
batches, A and B, of both the IFF and IU types have been determined. The 
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Table 4. 
— [F yy(W)| x 108 
| IFF—A | IFF-B | IF 
9 «| 98t0.7 | 103420 | 96407 | 1o9+2.7 | 1osti3 | 17+11 
| wl | 94403 | g9+29 | 9445.9 9742.4 9543.7 | 109+4.0 
18 89+ O.7sr|| 982-2" || 's9+3.1 8142.6 77+ 1.9 89 +3.1 
| 23 8440.6 | 9442.0 | 84+2.6 T1$4.5 6640.1 8244.6 
8 79+16 | 87414 | 7645.5 6544.1 56 +2.5 68 +2.5 
Bn 36 72411 s0+2.4 | 6544.7 B4at7.7 45 +1.8 5944.5 
a) 46. 65413 | 70414 | 58+48 49 +4.0 3941.2 49+2.7 
56 | 58+2.3 | 6o+3.7 | 50+3.7 414.3 3443.1 3842.1 
72 4640.6 | 51422 | 3941.7 3741.1 26+ 1.2 3341.6 
92 2420,7.|. 4021.7 | 24433 2543.5 25 43.0 
e] le =| wte8 | 3141.7 | 16431 18+2.6 1841.5 
; 145 BL 23214 
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_ (All emulsions were developed using Final.) 
_ emulsions A were exposed 6-12 months before the expiry date of the emulsion, 
the emulsions B 27 months before this date. The B emulsions were regarded as 
not having been stored. It is probably no chance occurrence that both B emulsion 
_ have much higher C7’ functions (Fig. 18). If IU emulsion B and ISS are com- 
_ pared, it is seen that they practically coincide. The reason can be an improved 
, IU emulsion or a deterioration of the ISS emulsion due storage and aging, com- 
parable with that obtained with emulsion of type A. 
Since storage changes the emulsion continuously with time, it should be possible 
to treat the storing of the emulsion as a special component in the Fourier analy- 
sis. The problem could be treated as follows: If the transform of a fresh emul- 
sion is denoted by F.,(N;7') and that of a stored one by Fen(N;7'+t), then 
a Fourier transform will give the influence of the storage on the A emulsion, 
viz. Fon (N; t). (1: date of manufacture, t: storage time.) If we assume that the 
original transform at time 7’ is representative for the emulsion, then we obtain: 


Fem (N; T +t) = Fem (N; t) > Fem (N; T) 


The F.m(N; ) curve (Fig. 19) indicates the existence of two different phenomena. 
The minimum at low frequencies would indicate difference in the batches A and 
_B while the decrease in F.m(N;t) for the high frequencies would point to a 

storage phenomenon. It would seem to be natural that the older an emulsion 

becomes the more the limit of resolution and the contrast for the higher fre- 
quencies decrease. In the high frequency region the same phenomenon was ob- 
served with one batch of Kodak Microfile Pan. For the coarse grained and more 
sensitive IU emulsion on the other hand, it was not possible to register this 
high frequency tendency because of the increase in noise. 

In intensity measurement, it is often necessary to know the contrast of an 
object. The question will be: How large contrast CO, does an object need to have 
in order that a photographic emulsion will register a given contrast C; or in order 
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Fig. 18. | F.,,(N)| for two batches of IFF and IU respectively, developed with Final. IFF 
emulsion A in addition with Isonal. 


that it will be registered at all? The CZ’ functions given above provide only an 
indirect answer to this question. A different method for plotting the results would 
seem preferable in many cases (Fig. 20). One example is shown here in the form 
of curves for the B emulsion of IFF: In the figure, the solid curves represent 
the image of the sine’ pattern. The contrast OC, of the object is used as ordinate 
and the space frequency as abscissa. The parameters for the different curves are 
the contrasts of the images, viz. O;=0.8, 0.6, 0.4 and 0.2. A detailed example 
will illustrate the idea behind the figure. If a sine pattern with a line density 
of 50 lines/mm is exposed, then the contrasts between 0.3 and 1.0 will be reg- 
istered photographically as contrasts between 0.2 and 0.65. O,=0.6 will be reg- 
istered as C,=0.4. If ©, is lower, then the image contrast may fall perhaps 
within the lower, shadowed region. The emulsion will then at least register the 
lines patchwise. It is therefore not possible to draw any sharp boundaries since 
so many factors exert an influence, e.g. the quality of the emulsion, storage, 
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Fig. 19. The differences between two 
_ emulsion batches can be obtained by di- 
_ viding the transforms of the two bat- 
_ ches as | F,,, (N;t)|. The storage time is 
in these cases > 14 months. The IFF 
curve indicates two different phenomena. 
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Fig. 20. These curves indicate how large a contrast an object must have in order to pro 
duce a given contrast in the image. For example, at N=100 mm, the emulsion C 7'=0.2 
reproduces a sine-patterned object with a contrast of 0.55 if no lens system is used. The ob- 
ject must have OC 7'=0.71 for reproduction with an aberration-free lens and C 7’=0.95 with 
the experimental optical system. The example refers to the IFF emulsion B. The diffuse 
regions indicate that the emulsion can resolve the line pattern more or less well depending 
on the quality of the emulsion and the development etc. The more bent region applies for 
reproduction with the optical system included, the lower one with only the emulsion. 


development method etc. Object contrasts which are still smaller will not be reg- 
istered. (This result has been obtained at an average density.) 

If the object is however registered by means of an optical system, then the 
conditions will be less favourable because of the broadening effect of the lens 
system. If the O'7' function of the optical system is like the registration in Fig. 4, 
then the group of curves will bend more rapidly (dotted lines in Fig. 20). The 
shadowed region will also move upwards. The dashed curves give the conditions 
for a calculated Airy lens. 
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| Emulsion | Developer I 
| a 


IFF | Final 


0 28-35 | 53-57 | 77-91 0-156 
| (A}(B) | (A)(B) | (A)(B) | (A) (B) 
IF Final | 0 25 43 68 101 
Iss Final 0 19 32 ~~ 58 AeA OS gin 
IU Final 0 17-22 26-35 44-60 | —-Il1l 
(A) (B) (A) (B) (A) (B) | (A) (B) 
| IFE Tecaal | il, 00 38 64 82. 129 
d oem saz (A) (A) (A) (A) 


Table 6. Boundary frequencies, Nmax, of the image when the object was photo- | 
graphed using both the optical. system and the emulsion. Only definite contrasts 
have been registered (in %). 


C,=1.0 | 0, =0.8 | 0, =0.6 | 0,=0.4 | 0, =0.2 


Emulsion | Developer 
Nua mm™| WV ag mome= | Nome Nin as 

IFF Final 0 21-28 40-45 63-67 87-103 ; 

(A) (B) (A) (B) (A) (B) (A) (B) 
IF Final 0 21 35 55 82 ! 
Iss Final 0 Li 28 46 80 
IU Final 0 16-20 23-30 38-48 —-80 

(A) (B) (A) (B) (A) (B) (A) (B) 
IFF Isonal 0 27 48 69 91 

(A) (A) (A) (A) 


a ES Ee | eee 


In both of the tables (Tables 5 and 6), it is shown how various coarse grained, 
high sensitivity emulsions effect the limiting values, Nymax: BY Ninax, We mean the 
largest space frequency which can be registered with a predetermined contrast 
C, when the object has the contrast C,=1.0 (Fig. 20). The values in the first — 
of the tables correspond to the highest frequencies which the solid curves reach 
when only the emulsion is used for the registration. The second table gives the 
corresponding values for the dotted curves when a lens is added. Two emulsion 
batches, A and B, of the emulsions IFF and IU show that the limiting values 
are easily affected by uncontrollable factors. These values give an indication of 
the region of variation for Nmax- However, from the tables, it appears that Nimax 
decreases as the emulsions become more sensitive. Exceptions exist, e.g. the IU 
emulsion B sometimes gives a higher value than ISS. One can also see that the 
IU emulsion A cannot register contrasts=0.2 even if the object contrast = 1.0. 
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Fig. 21. Transmission curves for the three filters used. Wedge spectrogram for IFF and IU. 


e Sy Influence of the developer 


It is well known that a photographic emulsion is affected differently by dif- 
_ ferent developers. In order to obtain information concerning the behaviour of the 
CT function, the IFF emulsion A was developed with Final and Isonal. Final 
is a fine grain, low contrast developer. It is known that Isonal works as a sur- 
_ face developer—the light distribution function is therefore decreased and the film 
_ speed increased. Isonal moreover tends to produce the adjacency effect. The dif- 


ference between the C7’ functions also appears quite clearly. The emulsion de- 


- veloped in Isonal gave a higher CT’ function within the whole of the space fre- 


a 


e 
a 
“a 
G 


_ quency region (Fig. 18). The increase is approximately of the same order as that 


obtained upon changing from one film emulsion to another with the next lower 
sensitivity and graininess. This result is comparable to the conclusions from the 


previous section. The grain is affected differently by the developers. The mean 


= . : . : 
- grain size has decreased somewhat, as is confirmed by measurements of the Cal- 


lier ratio [3]. The advantage which is obtained with a fresh emulsion, IFF-B, 
has been partly cancelled by the use of a different developer. The Isonal-devel- 


oped emulsion has however not reached or passed the function values of the fresh 
_ B emulsion for N>75 mm’. 


x 


A subsequent article “The contrast transfer of periodical structures in a photo- 
graphic emulsion developed with adjacency effects” will be published in this journal. 
Different spectral regions 


It was considered necessary to gain a more detailed knowledge concerning the 
influence of the different spectral regions on the shape of the light distribution 


for a black and white negative material. The interest has therefore primarily been 


to try and trace any distinct differencies. 
There are however many weaknesses in investigations of this type. The emul- 
sions have a varying spectral sensitivity in the visible colour scale. In addition, 


the filters have different maximum transmissions and half value widths, etc. 


(Fig. 21). The blue filter is an interference filter with Amax = 456 my. The green, 
coloured-glass filter with Amax=546 my possesses the narrowest band. The red 
spectral band is far too spread out in the long wave part at the edge of, and 
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O 50 100 mm! N 
Fig. 22. Wave length dependence of IFF emulsion B. -::-- C T curve for short wave length 
light (blue); ---—-— CT curve for medium wawe length light (green); CT curve for 


long wave length light (red). 


also outside, the region of sensitivity of the emulsions. However, it has appeared 
that the relatively broad wave length region of the colours has not affected the 
clarity of the results. The lens system has been tested for all three spectral bands 
so that the usual Fourier calculation can be used purely experimentally and mathe- 
matically. : 

The two B emulsions of IFF an IU were investigated for all three colours. — 
A series of measurements were performed in which every second cm of the film 
was exposed using blue, green and red light in that order. The contrast C, of 
the sine pattern was always 0.8. This series of three measurements was repeated 
five times. Thus each C7’ function corresponds to an arithmetical mean of five 
functions. Two density strips were exposed with each filter on the same piece 
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‘Fig. 23.1 ‘em (N)| is dependent on the colour composition of the exposure. IU emulsion B. 
)| for short wave length light (blue); -—~— | F,,, (N)| for medium wave length 
light (green); | (Fem (N)| for long wave length light (red). 
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ah 


of film. Thus, the light diffusion functions of the different colours were recorded 
using one single piece of film and an unvariable development procedure. A com- 
parison of the light distribution of the different colours (Fig. 22 and 23) shows 
that they are quite separate within the greater part of the measurable space 
frequency region. Now, it is known that the light distribution is dependent upon, 
‘amongst other things, the spreading of the light at each individual grain in the 
photographic emulsion and also on the absorption of light in the emulsion layer. 
‘It is also known that blue light causes the largest spreading. In return, the emul- 
‘sion absorbs the short wave light more strongly—and this light therefore has a 
‘shorter path in the emulsion. These effects when combined together have a mini- 
‘mum for green light. The curves obtained show however that, when the effects 
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sion, t altel of the in the b 
Both of the blue curves lie in general lowe hie agrees with th 
that the blue light is spread out the most. 

The differences in the CT functions do not Saher on the diferent grain 
Measurements of the Callier ratio gave namely the same mean grain size for n 
emulsion independent of the wave oy region of the exposures. 


~ 


Transformation of |Fem(N)| to the light distribution function ¢em(x) 


Several methods can be considered for the Fourier transformation of the | Fn (N)| 
curves in order to obtain the physically interesting ¢om(x). A purely analytical 
inversion would be desirable but, as will be shown, such a procedure is not prac- 
tical because of the complexity of the functions. A comprehensive manual cal- 
culation of dem(x) would be too time-consuming. A much quicker and more ac- 
curate inversion can be performed by means of an electronic calculating machine. 
The dem(x) curve is then obtained in the form of code values which can how- 
ever be easily interpreted. The accuracy is then mainly determined by the ac- 
curacy of the experimental curve and by the interval division employed for the 
calculations with the machine. 

Certain theoretical assumptions involving one-parameter functions were made 
in order to provide a comparison between the different emulsions. The following 
conditions must be taken into consideration throughout: 

(1) Fen (0) =1 (normalization) 

(2) coon (Ni2) =3. (Motived by the fact that an interpolation within the middle | 
frequency region is considered to give function values with the greatest accuracy. 
The frequency Nj). for the different emulsions is given in Table 7.) 


Table 7. 
: N WN "e*¢em(0) | "10° Pam (0) 
Emulsion Developer 1/2 max 2 rem 10 rem 

: (mm?) | (mm-") | (u) (u) 
IFF-A Final 66 116 4.8 12 
IFF-B Final 73 145 3.2 10 
IF Final 57 116 4.2 13 
Iss Final 43.5 116 4.0 16 
i | Final 33.5 72 2 == 
Ite Final 46 116 3.9 16 j 
IFF—A Tsonal 73.5 145 3.6 11 


3) |#om(N)| is experimentally determined within a limited region. 


Four assumptions were considered in the work. Both the Fourier transforms 
and the light distribution functions are given. OC, and o are equal to constants. 
The assumptions were as follows: 
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i = a ee 

ie 10 20, 

4 " : Fig. 24. 

_ Fig. 24-30. Fourier transform | Fem (N)| on the right. The transformed light distribution 
functions 4, (x) on the left. x, indicates experimentally determined points; A, assumption 
according to Frieser; B, assumption which is “inverse’’ to the previous one; C, assumption 
‘ according to Sayanagi; D, assumption according to the Gauss function. 

4 (A) Assumption by Frieser [4], 

a N Pap al 

i M12 

29:5 449 
ie tia 


5 a 1S p 


Fig. 25. 


(B) An assumption which is also conceivable, at least if small N values are 
excluded, is 


~ -1 
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1a 10 20 X 
| Fig. 26. 
(C) An assumption which has been motivated by Sayanagi [12], viz. a two- 


L dimensional intensity function: 


a i at 7 Chil . 
tise r= [1+-e!—v (5) | adie C yen ° eWherern=(% +y*)* (radial) 


” (D) An assumption involving the Gauss function: 


N ‘y cae 


F(wy=2'%,); g(a) =C-e 
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Fig. 27. 


The ¢dem(x) curves were Fourier transformed from | Fem (N)| by means of an 
electronic calculating machine, BESK. The interpolation interval AN =10 mm7?! 
was sufficiently narrow since the primary data for the CT functions were meas- 
ured using a corresponding interval up to N~116 mm“? (Table 7). At the meas- 
uring boundary, | F.,(N)|~0.2. The extrapolation curve for N>116 mm-2 had — 
to be drawn with a slight bend which fitted smoothly on to the measured curve. — 
The boundary for N, where Fem(N)=0, was considered to lie at some point be- 
tween 350 and 500 mm™' which was different for different functions. These rela- 
tively high values were supported by the fact that exposures with the frequency 
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B 
A 


N 
O 50 100 mm 
Fig. 28. 
_ N=240 mm produced a pattern which appeared sporadically amongst the noise 
oof the emulsion. A harmonic analysis was not considered necessary. On the other 


hand, the unknown parts of the curve were investigated by means of extrapolation 
using definit functions or a free-hand drawing of the curve. The functions were 


4 . A 
: =e a C 
F(N)=0, F(N)=e ©, F(N)=C,-e% and F(N)=7— sp. 


The first two extrapolation functions, and in particular the first, gave a rapidly 

_ oscillating function ¢ (x) (Gibbs phenomenon) due to the sharp bends in the curves. 

With the other extrapolation procedures, one of the constants was determined 

Be dF (N =116) 
dN 


extrapolated curves. The expression 


from the condition that is the same for the experimental and the 
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Fig. 29. 


+00 
gem (0) = | Fem (N) dN 


gave an estimated accuracy in dom(0) of at most + 5%. A free-hand extra- 
polation could therefore be employed with advantage. 


In Figs. 26 and 27, a more complete treatment is made for IF and ISS in or- 
der to demonstrate the relation of the different theoretical functions to each 
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Fig. 30. 


other and to the experimental curve. There are also assumptions compared to 
the light distribution function. The central part of | From (N)| has, in fact, been 


accurately investigated. However, with dem (x), the region Me <2 is determined 


to a considerable extent by the high frequencies of | Fem (N)| which have here 


been extrapolated. The assumptions are indicated in the figures 24-30. 


It was in general found that the assumptions of Frieser and Sayanagi fit much 


etter than the other two. The emulsions which followed Frieser’s assumption 
well were IFF—B and IF. Even Sayanagi’s assumption was satisfactory here, 
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especially for IFF. However, IU- 
for N>30 mm’. For low frequencies, it 
assumption did not agree completely wit 


h the : 
ence es 0 for N=0. The assumption involving the Gau: 
general the correct shape for N< M1). But, ‘thereafter, it dev 
eventually became quite unsuitable (Fig. 26). x. eee 

The Isonal-developed IFF—A exhibited a tendency which can be 
being an adjacency effect. Thus, | '4_(N)| gave rise to an oscilla 
tribution function ¢em(x) (Fig. 30). Frieser’s and Sayanagi’s assum 
fitted the experimental Fourier transform only within the region N <80 n 

An unambiguous, one-parameter assumption which fits all the experimental cu 
is probably unobtainable. The assumptions of-Frieser, Sayanagi, and to a 
tain extent also the classical Gauss curve can in certain cases be used to inte 
pret the experiments satisfactorily. One should also certainly not forget 
each emulsion and each development procedure has probably its own function 
as a norm and that the emulsion function may alter upon storing. In order to 
get a better agreement throughout the whole of the frequency region, it is ap- 
parently necessary to employ more complicated functions. Frieser’s three-parameter 
assumption with one diffusion in the near zone and another one in the far zone, © 
i.e. two different effects, might give a more accurate solution of the problem. 


P. O. G. Palm is to be thanked for performing the Fourier transformations with BESK 
(Stockholm). 


Institute of Optical Research, Royal Institute of Technology, Stockholm 70, Sweden. 
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